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                \begin{document}$$\mathrm {t}$$\end{document}$ quark properties at hadron colliders, an accurate description of the fragmentation and hadronization of the quarks from the hard scatter process as well as of the "underlying event" (UE), defined below, is essential. First studies of the fragmentation and hadronization of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {b}$$\end{document}$ quarks in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathrm {t}\overline{\mathrm {t}}}$$\end{document}$ events have been reported in Refs. \[[@CR2], [@CR3]\]. In this paper, we present the first measurement of the properties of the UE in $\documentclass[12pt]{minimal}
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The UE is defined as any hadronic activity that cannot be attributed to the particles stemming from the hard scatter, and in this case from $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {t}\overline{\mathrm {t}}}$$\end{document}$ decays. Because of energy-momentum conservation, the UE constitutes the recoil against the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$${\mathrm {t}\overline{\mathrm {t}}}$$\end{document}$ decays are probed as part of the UE, even if they can be partially modeled by perturbative QCD. The main contribution to the UE comes from the color exchanges between the beam particles and is modeled in terms of multiparton interactions (MPI), color reconnection (CR), and beam-beam remnants (BBR), whose model parameters can be tuned to minimum bias and Drell--Yan (DY) data.
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                \begin{document}$${\mathrm {t}\overline{\mathrm {t}}}$$\end{document}$ events provides a direct test of its universality at higher energy scales than those probed in minimum bias or DY events. This is relevant as a direct probe of CR, which is needed to confine the initial QCD color charge of the $\documentclass[12pt]{minimal}
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The analysis is performed using final states where both of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {W}$$\end{document}$ bosons decay to leptons, yielding one electron and one muon with opposite charge sign, and the corresponding neutrinos. In addition, two $\documentclass[12pt]{minimal}
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After discussing the experimental setup in Sect. [2](#Sec2){ref-type="sec"}, and the signal and background modeling in Sect. [3](#Sec3){ref-type="sec"}, we present the strategy employed to select the events in Sect. [4](#Sec4){ref-type="sec"} and to measure the UE contribution in each selected event in Sect. [5](#Sec5){ref-type="sec"}. The measurements are corrected to a particle-level definition using the method described in Sect. [6](#Sec6){ref-type="sec"} and the associated systematic uncertainties are discussed in Sect. [7](#Sec7){ref-type="sec"}. Finally, in Sect. [8](#Sec11){ref-type="sec"}, the results are discussed and compared to predictions from different Monte Carlo (MC) simulations. The measurements are summarized in Sect. [9](#Sec15){ref-type="sec"}.

The CMS detector {#Sec2}
================

The central feature of the CMS apparatus is a superconducting solenoid of 6$\documentclass[12pt]{minimal}
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Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. A preshower detector, consisting of two planes of silicon sensors interleaved with about three radiation lengths of lead, is located in front of the endcap regions of the ECAL. Hadron forward calorimeters, using steel as an absorber and quartz fibers as the sensitive material, extend the pseudorapidity coverage provided by the barrel and endcap detectors from $\documentclass[12pt]{minimal}
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Charged-particle trajectories with $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<2.5$$\end{document}$ are measured by the tracker system. The particle-flow algorithm \[[@CR9]\] is used to reconstruct and identify individual particles in an event, with an optimized combination of information from the various elements of the CMS detector. The energy of the photons is directly obtained from the ECAL measurement, corrected for zero-suppression effects. The energy of the electrons is determined from a combination of the electron momentum at the primary interaction vertex as determined by the tracker, the energy of the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially compatible with originating from the electron track. The energy of the muons is obtained from the curvature of the corresponding track. The energy of charged hadrons is determined from a combination of their momentum measured in the tracker and the matching ECAL and HCAL energy deposits, corrected for zero-suppression effects and for the response function of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from the corresponding corrected ECAL and HCAL energies.

Events of interest are selected using a two-tiered trigger system \[[@CR10]\]. The first level, composed of custom hardware processors, uses information from the calorimeters and muon detectors to select events at a rate of around 100$\documentclass[12pt]{minimal}
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A more detailed description of the CMS detector, together with a definition of the coordinate system used and the relevant kinematic variables, can be found in Ref. \[[@CR11]\].

Signal and background modeling {#Sec3}
==============================

This analysis is based on proton-proton ($\documentclass[12pt]{minimal}
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Throughout this paper, data are compared to the predictions of different generator settings for the $\documentclass[12pt]{minimal}
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Event reconstruction and selection {#Sec4}
==================================
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All backgrounds are estimated from simulation, with the exception of the DY background normalization. The latter is estimated making use of the so-called $\documentclass[12pt]{minimal}
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In the simulation, the selection is mimicked at the particle level with the techniques described in Ref. \[[@CR54]\]. Jets and leptons are defined at the particle level with the same conventions as adopted by the [rivet]{.smallcaps} framework \[[@CR55]\]. The procedure ensures that the selections and definitions of the objects at particle level are consistent with those used in the [rivet]{.smallcaps} routines. A brief description of the particle-level definitions follows:prompt charged leptons (i.e., not produced as a result of hadron decays) are reconstructed as "dressed" leptons with nearby photon recombination using the anti-$\documentclass[12pt]{minimal}
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Characterization of the underlying event {#Sec5}
========================================

In order to isolate the UE activity in data, the contribution from both pileup and the hard process itself must be identified and excluded from the analysis. The contamination from pileup events is expected to yield soft particles in time with the hard process, as well as tails in the energy deposits from out-of-time interactions. The contamination from the hard process is expected to be associated with the two charged leptons and two $\documentclass[12pt]{minimal}
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In order to minimize the contribution from these sources, we use the properties of the reconstructed PF candidates in each event. The track associated to the charged PF candidate is required to be compatible with originating from the primary vertex. This condition reduces to a negligible amount the contamination from pileup in the charged particle collection. A simple association by proximity in *z* with respect to the primary vertex of the event is expected to yield a pileup-robust, high-purity selection. For the purpose of this analysis all charged PF candidates are required to satisfy the following requirements:$\documentclass[12pt]{minimal}
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Various characteristics, such as the multiplicity of the selected charged particles, the flux of momentum, and the topology or shape of the event have different sensitivity to the modeling of the recoil, the contribution from MPI and CR, and other parameters.

The first set of observables chosen in this analysis is related to the multiplicity and momentum flux in the event:charged-particle multiplicity: $\documentclass[12pt]{minimal}
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The dependence of the UE on the recoil system is studied in categories that are defined according to the multiplicity of additional jets with $\documentclass[12pt]{minimal}
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Lastly, the dependence of the UE on the energy scale of the hard process is characterized by measuring it in different categories of the $\documentclass[12pt]{minimal}
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Corrections to the particle level {#Sec6}
=================================

Inefficiencies of the track reconstruction due to the residual contamination from pileup, nuclear interactions in the tracker material, and accidental splittings of the primary vertex \[[@CR59]\] are expected to cause a slight bias in the observables described above. The correction for these biases is estimated from simulation and applied to the data by means of an unfolding procedure.

At particle (generator) level, the distributions of the observables of interest are binned according to the resolutions expected from simulation. Furthermore, we require that each bin contains at least 2% of the total number of events. The migration matrix (*K*), used to map the reconstruction- to particle-level distributions, is constructed using twice the number of bins at the reconstruction level than the ones used at particle level. This procedure ensures almost diagonal matrices, which have a numerically stable inverse. The matrix is extended with an additional row that is used to count the events failing the reconstruction-level requirements, but found in the fiducial region of the analysis, i.e., passing the particle-level requirements. The inversion of the migration matrix is made using a Tikhonov regularization procedure \[[@CR60]\], as implemented in the [TUnfoldDensity]{.smallcaps} package \[[@CR61]\]. The unfolded distribution is found by minimizing a $\documentclass[12pt]{minimal}
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The statistical coverage of the unfolding procedure is checked by means of pseudo-experiments based on independent [Pw+Py8]{.smallcaps} samples. The pull of each bin in each distribution is found to be consistent with that of a standard normal distribution. The effect of the regularization term in the unfolding is checked in the data by folding the measured distributions and comparing the outcome to the originally-reconstructed data. In general the folded and the original distributions agree within 1--5% in each bin, with the largest differences observed in bins with low yield.

Systematic uncertainties {#Sec7}
========================

The impact of different sources of uncertainty is evaluated by unfolding the data with alternative migration matrices, which are obtained after changing the settings in the simulations as explained below. The effect of a source of uncertainty in non-fiducial $\documentclass[12pt]{minimal}
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Experimental uncertainties {#Sec8}
--------------------------

The following experimental sources of uncertainty are considered: Pileup:Although pileup is included in the simulation, there is an intrinsic uncertainty in modeling its multiplicity. An uncertainty of $\documentclass[12pt]{minimal}
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Theoretical uncertainties {#Sec9}
-------------------------
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Any possible uncertainty from the choice of the hadronization model is expected to be significantly smaller than the theory uncertainties described above. This has been explicitly tested by comparing the results at reconstruction level and after unfolding the data with the [Pw+Py8]{.smallcaps} and [Pw+Hw++]{.smallcaps} migration matrices. The latter relies on a different hadronization model, but it folds other modelling differences such as the underlying event tune or the parton shower as well. Thus it can only be used as a test setup to validate the measurement.

Summary of systematic uncertainties {#Sec10}
-----------------------------------

The uncertainties on the measurement of the normalized differential cross sections are dominated by the systematic uncertainties, although in some bins of the distributions the statistical uncertainties are a large component. The experimental uncertainties have, in general, small impact; the most relevant are the tracking reconstruction efficiency for the $\documentclass[12pt]{minimal}
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Event shape observables are found to be the most robust against this uncertainty, while $\documentclass[12pt]{minimal}
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Inclusive distributions {#Sec12}
-----------------------
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The results obtained with [pythia]{.smallcaps}8 for the parton shower simulation show negligible dependence on the ME generator with which it is interfaced, i.e., [Pw+Py8]{.smallcaps} and [MG5]{.smallcaps}\_a[MC]{.smallcaps} yield similar results. In all distributions the contribution from MPI is strong: switching off this component in the simulation has a drastic effect on the predictions of all the variables analyzed. Color reconnection effects are more subtle to identify in the data. In the inclusive distributions, CR effects are needed to improve the theory accuracy for $\documentclass[12pt]{minimal}
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Profile of the UE in different categories {#Sec13}
-----------------------------------------

The differential cross sections as functions of different observables are measured in different event categories introduced in Sect. [5](#Sec5){ref-type="sec"}. We report the profile, i.e., the average of the measured differential cross sections in different event categories, and compare it to the expectations from the different simulation setups. Figures [14](#Fig14){ref-type="fig"}, [15](#Fig15){ref-type="fig"}, [16](#Fig16){ref-type="fig"}, [17](#Fig17){ref-type="fig"}, [18](#Fig18){ref-type="fig"}, [19](#Fig19){ref-type="fig"}, [20](#Fig20){ref-type="fig"}, [21](#Fig21){ref-type="fig"}, [22](#Fig22){ref-type="fig"} and [23](#Fig23){ref-type="fig"} summarize the results obtained. Additional results for $\documentclass[12pt]{minimal}
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The first measurement of the underlying event (UE) activity in $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S ^{\mathrm{FSR}}(M_\mathrm {Z})$$\end{document}$ parameter in [pythia]{.smallcaps}8 has been quantified, resulting in a lower value than the one considered in Ref. \[[@CR73]\].

The majority of the distributions analyzed indicate a fair agreement between the data and the [powheg]{.smallcaps} +[pythia]{.smallcaps}8 setup with the CUETP8M2T4 tune \[[@CR18]\], but disfavor the setups in which MPI and CR are switched off, or in which $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S ^{\mathrm{FSR}}(M_\mathrm {Z})$$\end{document}$ is increased. The data also disfavor the default configurations in [powheg]{.smallcaps} +[herwig++]{.smallcaps}, [powheg]{.smallcaps} +[herwig]{.smallcaps}7, and [sherpa]{.smallcaps}. It has been furthermore verified that, as expected, the choice of the next-to-leading-order matrix-element generator does not impact significantly the expected characteristics of the UE by comparing predictions from [powheg]{.smallcaps} and [MadGraph]{.smallcaps} 5_a[mc\@nlo]{.smallcaps}, both interfaced with [pythia]{.smallcaps}8.

The present results test the hypothesis of universality in UE at an energy scale typically higher than the ones at which models have been studied. The UE model is tested up to a scale of two times the top quark mass, and the measurements in categories of dilepton invariant mass indicate that it should be valid at even higher scales. In addition, they can be used to improve the assessment of systematic uncertainties in future top quark analyses. The results obtained in this study show that a value of $\documentclass[12pt]{minimal}
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